Abstract-To satisfy ever-increasing demands for higher data rates, as well as to allow more users to simultaneously access the network, interest has peaked in what has come to be known as wideband code division multiple access (WCDMA). In this paper, we discuss those basic characteristics of WCDMA waveforms that make them attractive for high data rate transmission over wireless and mobile channels. We emphasize how the choice of spread bandwidth affects the bit error rate of the system, as well as how it affects the reliability of various subsystems, such as those that perform coarse acquisition and adaptive power control. We then discuss how some of the waveforms being considered for cellular WCDMA systems differ from those in use in the narrowband CDMA cellular system, and emphasize, as an example, multicarrier CDMA. Finally, we discuss other potential enhancements to WCDMA systems, such as the use of interference suppression at the receiver, or multiple antennas at the transmitter.
I. INTRODUCTION

I
N THIS partially tutorial paper, the key attributes and waveform design considerations of a direct sequence (DS), wideband, code division multiple access (CDMA) system, when used over a wireless channel, are discussed. As is well known, the use of direct sequence spread spectrum to combat potential sources of degradation, such as multipath fading, is a technique that has been known for decades (see [7] , [16] , [24] , [28] , [47] , [57] , [58] , [78] for representative references). Similarly, the use of DS for CDMA is decades old [4] , [5] , [8] , [9] , [39] , [59] , [74] , [79] . However, this paper is primarily concerned with developments that occurred over the last decade or so, because it was over that time frame that debates over the relative characteristics of wideband and narrowband CDMA became focused. Indeed, prior to that time frame, adjectives such as "narrowband" and "wideband" were rarely, if ever, used in the designation of a specific CDMA system. Note that there is no single, universally accepted, definition of wideband CDMA, and, in fact, definitions based upon system parameters such as chip rate, or bandwidth as a fraction of center Manuscript received August 1999; revised February 28, 2000 . This work was supported in part by the Army Research Office under Grant DAAG55-98-1-0473, and the Office of Naval Research under Grant N00014-98-1-0875.
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frequency, are both intuitive and useful in various scenarios. However, for the purposes of this paper, we will use a definition more intimately tied to the distinction be wideband and narrowband CDMA when used over a wireless channel. Specifically, a wideband CDMA (WCDMA) system is defined as one wherein the spread bandwidth of the underlying waveforms in the system typically exceed the coherence bandwidth of the channel over which the waveforms are transmitted (meaning irrespective of whether the channel is indoors, outdoor urban, outdoor suburban, etc.). This results in the channel appearing frequency-selective to those waveforms, and correspondingly results in enhanced system performance relative to that of a narrowband CDMA system, wherein the latter is defined as one which (too often) experiences flat fading. The justification, for the previous statement, is that a direct sequence system which experiences frequency-selective fading can, via the use of a rake receiver, resolve individual multipath components and then coherently combine them (i.e., it can make constructive use of the multipath). Finally, there is, of course, no distinct bandwidth threshold that separates narrowband CDMA from WCDMA. However, based upon measured data in references such as [32] and [50] , it appears that a spread bandwidth of about 10 MHz satisfies the intuitive requirement that the channel appear frequency selective to the transmitted waveform for a broad crosssection of scenarios.
In what follows, emphasis is placed on the underlying concepts, not on specific implementations being suggested for various proposed WCDMA systems. Also, the term WCDMA is used generically, and is not tied to the name of any particular system design. For those readers who are interested in the specifics of actual WCDMA designs, [76] and [77] present multiple papers on the role of WCDMA in the standards process referred to as "IMT 2000." Among the topics to be discussed below are the use of both multicarrier CDMA and multicode CDMA, CDMA system design for connectionless packet transmission, and the use of multiple access interference suppression techniques. However, before delving into such specific topics, an overview of the evolution of WCDMA is presented, along with a more in-depth look at its basic characteristics.
II. THE ORIGINS OF WCDMA
Spread spectrum communications systems, both direct sequence and frequency hopped, have been in existence for decades, although up until the last decade or so, most of those systems have been military systems, where the need for signals 0733-8716/00$10.00 © 2000 IEEE displaying anti-jam and low probability-of-intercept characteristics was paramount. Thus, they were typically designed to be wideband, and those that employed DS to achieve multiple access capabililty were the original forerunners of what is now called wideband CDMA. In the late 1980s, the use of DS CDMA started to become increasingly of interest to the commercial sector for use in cellular-type communications, and both narrowband CDMA and wideband CDMA systems were designed. In this latter time frame, what appear to be the first narrowband and the first wideband CDMA systems to be proposed were those described in [73] and [69] , respectively, where the wideband system of [69] was originally envisioned as an overlay of conventional microwave signals in the 1850-1990 MHz region.
That overlay system employed a spread bandwidth larger than even the largest of the currently projected WCDMA bandwidths. The initial WCDMA cellular systems are envisioned to spread over 5 MHz, and future WCDMA systems are projected to spread over either 10 or 20 MHz. In contrast, what was then referred to as a "broadband" CDMA system used a 24 Mchip/s waveform occupying about 48 MHz of bandwidth. The fundamental reason for such a large spread bandwidth was the desire to overlay fixed-service microwave systems (i.e., to allow the spread spectrum network to share common bandwidth with the narrowband microwave signals). This resulted in the spread bandwidth being much larger than the coherence bandwidth of the channel, and thus the DS signals experienced relatively little fading [49] , [50] , [70] .
The overlay proposal was introduced in 1989 and, since that time, both field tests and analyses have provided a perspective as to what the capabilities of such a system are. Indeed, the overlay was demonstrated in the PCS band and also in the cellular band (whereby, in the latter case, the overlayed waveforms were AMPS signals). In both cases, it was found that, in order to successfully deploy the overlay, i.e., to deploy it in a manner such that neither set of users caused excessive interference to the other set, it was desirable to use tunable notch filters at both the CDMA transmitters and the CDMA receivers. By placing narrow notches at the CDMA transmitters corresponding to those locations where the narrowband waveforms are situated, interference to those narrowband signals is reduced. Similarly, implementing notches at the CDMA receivers at the locations of the narrowband waveforms decreases interference to the CDMA network.
As a consequence, there have been many studies on the role of notch filters in an overlay situation; the results of some of those studies can be found in references such as [15] , [26] , [31] , [66] , [72] , [83] , and [84] . Recently, a new approach has been suggested [42] ; this latter technique makes use of a multicarrier (MC) CDMA waveform. In such a design, multiple narrowband DS CDMA waveforms, each at a distinct carrier frequency, are combined to yield a composite wideband CDMA signal. Among the advantages of such an approach is the ability to achieve the same type of system performance that a conventional, single carrier, wideband CDMA signal would provide, such as diversity enhancement over a multipath channel; however, this is achieved without the need for a contiguous spectral band over which to spread. Thus, regarding the overlay, MC transmission can be especially attractive, since frequency slots occupied by narrowband waveforms can be avoided altogether by simply not transmitting at the corresponding carrier frequencies. This is discussed more fully in Section IV-B.
From the results of the performance of a CDMA system employing such a broadband waveform when used on multipath fading channels, interest evolved in deploying a very wideband CDMA network, although without the overlay. Rather, the motivation for what came to be known as WCDMA was both increased information rate, so as to ensure the capability of transmitting multimedia traffic, and enhanced robustness to multipath fading, an attribute which ultimately results in higher capacity. In particular, researchers such as those at NTT DoCoMo [17] , [18] demonstrated the desirable properties of a WCDMA signal when used over a multipath fading channel, and their results reinforced those of [50] , as well as reinforcing those of numerous predecessors (e.g., [16] , [24] , and [28] ).
III. CHARACTERISTICS OF WCDMA WAVEFORMS
The key attribute of a very wideband direct sequence signal is its ability to resolve individual multipath components and, through the mechanism of a rake receiver, coherently combine them. While much literature exists on the performance of CDMA systems over frequency-selective channels (see, e.g., [9] , [53] , [54] , [82] ), in what follows, we concentrate primarily on the effect of spread bandwidth as it relates to comparative performance of wideband and narrowband systems, as can be found in references such as [17] , [20] - [22] , [30] , and [52] .
A. Bit-Error Rate Considerations
As is well known, if one wants a DS system to operate effectively over a multipath channel, the channel should appear frequency-selective to the waveform; stated differently, the spread bandwidth should exceed the coherence bandwidth of the channel. This allows a rake receiver to be employed so that multiple reflections of the transmitted waveform can be resolved and then coherently combined. However, there is a tradeoff in this type of receiver design, in that as the spread bandwidth increases, thus allowing more paths to be resolved, the energy-per-resolved path decreases, thus making it more difficult for the receiver to estimate the amplitudes and phases of the paths as required by an optimal rake receiver.
To be specific, in [20] , the tradeoff discussed above is described, and, among other things, it is shown that when coherent combining is employed, along with perfect channel estimates, the wideband system always outperforms the narrowband system. On the other hand, this conclusion does not necessarily follow if noncoherent combining is used. These results can be explained as follows. Considering first a coherent receiver, for a wideband system whereby each user spreads its signal over the entire bandwidth, the number of resolvable paths available for combining is maximized, and the coherent combining of those paths results in the most efficient use of the desired signal's energy. If, instead of using the above approach, one uses a hybrid scheme, whereby the total bandwidth is first divided into smaller segments and those segments individually support narrowband CDMA networks (i.e., if one uses an FDMA/CDMA architecture), the ultimate benefits of the rake combining are not achieved.
Alternatively, if noncoherent reception is employed with WCDMA, as more and more paths are combined, the system experiences a noncoherent combining loss. Thus, depending upon the signal-to-noise ratio and the amount of interference seen by the receiver, there are scenarios for which a hybrid system yields better performance than one which spreads across the entire available bandwidth, and specific examples are presented in [20] . Additional results that illustrate the tradeoff in performance with spread bandwidth when a noncoherent modulation format is employed can be found in [30] .
Returning to a coherent system, while results such as those presented in [20] are useful, they do not provide a complete picture, because they are based upon perfect estimation of the channel parameters. To remove that idealization, the analyses of [21] and [22] show what happens when imperfect phase estimates are used. These latter results, obtained analytically by approximate bounding techniques in [21] , and by simulations in [22] , illustrate that, indeed, as the signal-to-noise ratio (SNR) becomes lower, the ability to accurately estimate the phase decreases, and thus a tradeoff in overall system performance exists between WCDMA and hybrid FDMA/CDMA, analogous to the tradeoff if noncoherent reception is employed. However, as can be seen in ( [22] , Table III) , one needs a reasonably low SNR in the tracking loop before a hybrid system outperforms a wideband system.
Finally, for a different perspective on the advantage of a wider spread bandwidth, consider the experimental curves presented in the tutorial paper by Adachi, Sawahashi, and Suda [3] As discussed in [3] , the required transmit power to achieve a given level of performance decreases as the chip rate (and hence the spread bandwidth) increases. As an example, for the system tested in [3] , increasing the chip rate from 0.96 Mchips/s to 3.04 Mchips/s results in a 1.2 dB reduction in the median transmit power, and increasing it further to 7.68 Mchips/s results in an additional 4 dB reduction. Other experimental results presented in [3] show the reduction in probability of error that is achievable when increasing the chip rate. For example, at a ratio of energy-per-bit-to-interference spectral density of 10 dB, going from 0.96 Mchips/s to 7.68 Mchips/s reduced the probability of error by about an order of magnitude for the system under test.
B. Acquisition
Note that the results referred to in Subsection A are based upon bit-error rate considerations, and most of them correspond to system performance under the assumption of perfect acquisition and tracking of the spreading sequences. In [61] and [62] , the coarse acquisition problem is addressed, and it is shown that, as is the case if BER is the criterion, wideband spreading provides better performance than does narrowband spreading. Since a wideband DS waveform has multiple correct paths to which one can lock (i.e., if there are, say, resolvable multipath components, then there are that many correct phase positions), the likelihood of observing a correct path during the search process has been increased from what it would be for narrowband CDMA, which corresponds to . To be specific, consider results from [62] , in which an optimal strategy is derived for a parallel coarse acquisition receiver. Shown in Fig. 1 are several sets of curves, where, in each set, there is one curve showing the performance of a conventional receiver (see 2 ) and one showing performance of the optimal receiver, corresponding to a test statistic more complex than the one used in Fig. 2 (the interested reader can find it in [62] ). Note that the sets of curves are parameterized by the number of resolvable paths. Interestingly, it is seen that, depending on the number of resolvable paths, the conventional receiver performs fairly well relative to the optimal receiver. However, if one is interested in enhancing acquisition performance, the more advantageous way to achieve it is to increase the spread bandwidth in the CDMA system, as opposed to implementing a more complex receiver structure at a given spread bandwidth. For example, consider the curves of Fig. 1 corresponding to two resolvable paths. If the target false lock probability is, say, , the performance of the optimal receiver is several tenths of a decibel better than that of the conventional receiver. However, if the spread bandwidth is doubled, so that now four paths are resolvable, the performance gain is somewhere between 4 and 5 dB. One could also gain an extra decibel or so of improvement if simultaneously the spread bandwidth is doubled and the optimal receiver is used, but most of the total improvement comes from the use of the wider spread bandwidth.
C. Power Control
The same general conclusions as discussed above also apply to power control, as illustrated in [11] , [12] , and [30] . For this latter consideration, there are two key effects taking place, and each is favorable to the wideband system. First, the accuracy with which a power measurement can be made increase with increasing spread bandwidth, since to amount of fading the signal experience decreased (see [11] ). Second, the effect of any residual measurement inaccuracy is less in a wideband system than it is in a narrowband system; that is, for a given power control error, the decrease in capacity experienced by a narrowband CDMA system is greater than that seen by a WCDMA system. Note that in a multicell system, even with perfect power control, one would expect WCDMA to be superior. This follows because narrowband CDMA experiences more attenuation due to multipath fading than does WCDMA. Hence, even if the power control is perfect, the additional power that must be transmitted by a narrowband CDMA system (to overcome the increased loss due to multipath fading) spills over into surrounding cells, and thus causes increased intercell interference.
D. Fading Statistics
Finally, there is one other key characteristic that should be pointed out. As observed, for example, in [36] , [40] , [41] , [51] , when a DS signal is received over a multipath fading channel, the amplitude distribution of the despread signal becomes more and more specular as the spread bandwidth increases. This is irrespective of the fading statistics of the received waveform. For example, assume the received signal on any given resolvable path is experiencing Rayleigh fading at the input to a despreader that is synchronized to that path. That particular resolvable path is, in turn, the vector sum of many physical paths, and it is the constructive/destructive interference patterns resulting from that vector summation that results in a Rayleigh distribution for the amplitude of the received signal. Note that we make a distinction between physical paths, which is a property of the channel, and resolvable paths, which is a property of the channel, the waveform design, and the receiver. When the signal is now despread, only a fraction of those multiple paths offer any significant contribution to the output (because the remaining paths experience a large attenuation due to the sharply localized autocorrelation function of a typical spreading sequence). Indeed, as the spread bandwidth increases, the autocorrelation function becomes more localized, and a larger number of paths are attenuated to the extent that they become insignificant. Thus, the despreader output becomes dominated by a decreasing number of paths (as spread bandwidth increases), and no longer is characterized by a Rayleigh probability distribution; rather, its statistics have been found to be more closely described by a Rician density. This, of course, suggests, that the effect of the estimation errors discussed in Subsection A is overly pessimistic, since the analyses that produced those results are based upon Rayleigh statistics, independent of the spread bandwidth.
IV. WCDMA WAVEFORM DESIGN ALTERNATIVES FOR CELLULAR SYSTEMS
This section describes some of the signal designs and receiver structures that are being considered for WCDMA systems.
A. Coherent Reverse Link
One design change relates to the signal structure on the mobile-to-base link, commonly referred to as the reverse link. Whereas virtually all of the initial implementations of the NCDMA system of [73] use noncoherent detection on the reverse link (specifically, they use 64-ary orthogonal signaling with noncoherent detection), the current WCDMA waveform designs for the reverse link employ either BPSK or QPSK with coherent detection. This type of reverse link design is what was proposed for the CDMA system of [50] , and is consistent with earlier designs for DS spread spectrum (e.g., [24] , [28] , and [39] ).
B. Multicarrier CDMA
Another proposed change in the waveform design is the consideration of a multicarrier (MC) signal for the forward link (i.e., the link from the base to the mobile). The driving force for such a waveform design is the ease with which one can convert from a narrowband CDMA signal to a wideband CDMA signal. That is, by taking, say, narrowband CDMA waveforms, each on a different carrier frequency, and assigning them all to one user, one can now increase the spread bandwidth by a factor of . There are various ways in which one can create an MC signal, and, indeed, there is no uniformly accepted definition of MC CDMA. For example, some define MC CDMA as a combination of orthogonal frequency division multiplexing (OFDM) and CDMA, where the number of carriers typically equals the processing gain ( [10] , [13] , [25] , [88] ). However, we will use the MC architecture of [42] , corresponding to the parallel transmission of multiple narrowband DS waveforms, where the number of such waveforms is typically much less than the processing gain. The reason for this is the likelihood that this latter model or, more precisely, a coded version of it, as in [63] , will be the first to be deployed in a WCDMA design.
To be specific, we consider a direct sequence spread spectrum system in which a data sequence multiplied by a spreading sequence modulates carriers (see, e.g., [14] , [42] - [46] , [60] , [63] - [65] , [75] , [85] , [86] , [89] ). Further, we consider the reverse link as well as the forward link. The receiver provides a correlator for each carrier, and the outputs of the correlators are combined to yield a processing gain comparable to that of a single carrier DS system. This type of system has the following characteristics. Similar to a conventional single carrier DS system, a multicarrier DS spread spectrum system is robust to multipath fading, as long as the total spread bandwidth exceeds the channel coherence bandwidth. The reason for this will be seen below. Also, as mentioned in Section II, a multicarrier system has a narrowband interference mitigation effect, and this will be more explicitly illustrated below. Further, in a multicarrier DS system with carriers, the entire bandwidth of the system is divided into equiwidth frequency bands, and thus each carrier frequency is modulated by a spreading sequence with a chip rate which is times that of a single carrier system. Thus, a multicarrier system requires a lower speed, parallel-type of signal processing, in contrast to a fast, serial-type of signal processing in a single carrier rake receiver.
In essence, the use of this type of multicarrier design results in a tradeoff of the explicit path diversity one would achieve by using a single carrier DS waveform (with the same total spread bandwidth) for the explicit frequency diversity achievable with the multicarrier waveform. Further, if one views the transmitter shown in Fig. 3 , in which is the th carrier frequency, and is a random phase associated with the th subcarrier of the th user, as the equivalent of a rate repetition code, then one can easily envision using a more sophisticated code, such as a convolutional code [63] - [65] , rather than simply repeating the same data symbol on each of the subcarriers. Note that there are many considerations in the choice of the parameter . If we start out with a baseline system consisting of an MC system wherein the bandwidth of each of the carriers equals the coherence bandwidth of the channel, then increasing to some value, say, , results in correlated fading among the carriers, the consequence of which is an effective diversity order less than . Alternately, decreasing to some other value, say, , results in frequency-selective fading on each carrier, and thus a rake receiver on each subcarrier is required in order to achieve optimal performance.
Similarly, increasing results in increased coding gain, but decreased processing gain per subcarrier. Also, increasing results in greater complexity at the transmitter, and, to the extent that the transmitter has a saturating power amplifier, increasing results in more intermodulation products among the carriers. These and other considerations are discussed in references such as [85] and [86] .
1) Performance of MC CDMA:
Consider now a more quantitative comparison of MC and single carrier CDMA, taken from [43] , and corresponding to the reverse link. Fig. 4(a) shows a bandlimited single carrier wideband DS waveform in the fre- , is given by , where is the excess bandwidth of the system and is the chip rate of the single carrier system. In a multicarrier system, we divide into equiwidth frequency bands, as shown in Fig. 4(b) , where all bands are disjoint. Then the bandwidth of each frequency band, , is given by . Note that is the chip rate of the multicarrier system. For the th transmitter shown in Fig. 3 , is a random binary sequence representing the data, and is a signature sequence. Each of the spread spectrum signals has chips per symbol, and each user has a different signature sequence. Conceptually, the sequence modulates an impulse train, where the energy-per-chip is . After passing through a chip wave-shaping filter, the signal out of the filter modulates the multiple carriers and is transmitted.
The channel is assumed to be a slowly varying, frequency-selective, Rayleigh channel with delay spread of , where we define the delay spread to be the range of delays over which the multipath intensity profile is essentially nonzero. In order to facilitate a performance comparison between a single carrier rake system and the multicarrier system, we define two channel models; one is a time domain model for a rake system, and the other is a frequency domain model for a multicarrier system. The former model is used to emphasize the path diversity achievable with a single carrier waveform, and the latter model emphasizes the frequency diversity achievable with multicarrier waveforms.
For a single carrier system, the key parameters are the processing gain, , which equals , and the number of resolvable paths of the channel, which we denote as , and which is given by , where denotes the integer part of . Then the complex, lowpass, equivalent impulse response of the channel can be modeled as (1) where is a zero-mean, complex Gaussian random variable, and is a Dirac delta function. Note that we are assuming that the channel contains as many resolvable paths as the waveform is capable of resolving.
On the other hand, a frequency domain channel model can be characterized by the coherence bandwidth, , which is given by . For the analysis below, we choose the number of carriers in the MC system to equal the number of resolvable paths in the single carrier system, so that . (2) where is the impulse response of the chip wave-shaping filter, is white Gaussian noise with a double-sided psd of , and represents narrowband, bandpass interference that is assumed to be Gaussian with a bandlimited double-sided power spectral density of , center frequency of , and a bandwidth of Hz. Such an interfering signal might, for example, represent a narrowband waveform to be overlaid by the wideband MC CDMA network.
The receiver of the first user is shown in Fig. 5 , where we assume the chip wave-shaping filter is a square-root raised-cosine Nyquist filter with an excess bandwidth of . Note that none of the multiple waveforms that make up the MC signal overlaps with one another. Also, the gains in Fig. 5 are the coefficients needed for maximal-ratio combining. For the results presented below, they are assumed to be perfectly known. Fig. 6 shows the probability of error versus for , where is the number of signals and is the energy per bit. The curves are parameterized by , where is given by interference power signal power
The results correspond to the interfering waveform overlapping the second DS signal of the multicarrier system, i.e., and . If is small, the performance of a single carrier rake system and that of a multicarrier system are almost the same. However, we see that the multicarrier system outperforms the single carrier system if is large. This is because the multicarrier system has, for this example, interference only in the second frequency band and, as a result, in Fig. 5 becomes very small for large interference power. In this manner, the use of a MC signal design can accomplish an efficient CDMA overlay, as discussed in references such as [44] and [60] .
2) Forward Link Considerations: In the above discussion on multicarrier CDMA, all the results correspond to the reverse link of a cellular system (i.e., they correspond to an asynchronous CDMA system). To end this subsection, consider the use of a multicarrier waveform on the forward link, which is actually a multiplexed link, rather than a multiple access link. In the design of such links, because they can be made synchronous with respect to the timing epochs of the symbols of the various signals, it is possible to employ orthogonal spreading sequences.
Note, however, that if a multicarrier waveform is used such that subcarriers span the spread bandwidth, then, relative to a wideband single carrier DS system, the number of orthogonal functions is reduced by a factor of (assuming the system is designed just to maintain orthogonality within each subband). Hence, there is the potential for significantly more multiple access interference on the forward link because of the use of multicarrier signaling, compared to the multiple access interference of a single carrier system, which only occurs because of multipath and out-of-cell interference. To help alleviate this situation, one can consider a hybrid scheme of the type described in [46] . Each transmitter's data stream is now divided into, say, parallel streams, where , and both and are integers. By doing this, one can now increase the processing gain of each carrier by a factor of , since each symbol has its duration increased by the factor of . The penalty for doing this is a loss in frequency diversity. That is, whereas the degree of frequency diversity in the original multicarrier design is determined by the total number of carriers, i.e., , in the hybrid system it is determined by (or ). Thus, one now has a tradeoff between the number of orthogonal waveforms and the amount of frequency diversity. This tradeoff is quantified in [46] .
C. Multicode CDMA
Yet another possible change in the design of a CDMA network is to incorporate what is referred to as multicode CDMA [2] , [23] , [38] , [67] . Perhaps the key motivation for multicode CDMA is that of increasing the information rate over a given spread bandwidth, an objective which is fundamental to future generation CDMA systems. An additional reason is to allow for the flexibility of multiple data rates. If one attempts to increase the data rate simply by decreasing the information symbol duration, while simultaneously keeping spread bandwidth constant, the processing gain necessarily decreases. Indeed, such systems are typically referred to as variable processing gain (VPG) systems. As an alternative to a VPG waveform, one can assign multiple spreading sequences to any given user. If these spreading sequences are orthogonal, the self-interference caused by them is reduced. Clearly, there are tradeoffs in the use of these two techniques to increase the data rate.
With respect to VPG systems, consider the situation at high data rates, wherein the processing gain can be very small. The result of a small processing gain is, among other things, a reduction in the effective order of diversity that the receiver can achieve. This is because a reduced processing gain results in increased correlation among the taps of a rake receiver. Alternately, the multicode system suffers from increased interference, since each user now transmits multiple waveforms simultaneously, and each of those waveforms is affected by the multipath on the channel. Further, because the multicode waveform does not have a constant envelope, it is adversely affected by any nonlinearities in the system, such as a saturating amplifier. For a quantitative assessment of this latter effect, as well as the results of using various signal constellations, see [33] .
V. ADDITIONAL ENHANCEMENTS TO WCDMA SYSTEM DESIGN
A. Packet Transmission in Cellular Wireless Systems
A fundamental goal for future wireless CDMA systems is to allow for high speed data transmission over packet switched wireless networks, as opposed to the conventional circuit switched systems that have been designed for voice traffic. However, if one wants efficient transmission of, say, an individual datagram, the architecture of the current NCDMA systems might not be efficient, because it uses a pilot channel that is on continuously, and thus is creating interference even when packets of a given user are not being transmitted (which might be most of the time). Thus, consideration has been given to replacing a pilot that is code division multiplexed with the data, with a header that is time division multiplexed with the data (see, e.g., [1] , [6] , and [71] ).
However, because the standard means to achieve coarse acquisition is to use a serial correlation receiver, the combination of it and the time division multiplexed header might not be effective. That is, while such a receiver is simple to implement, it leads to long acquisition times, since all unknown phase positions of the incoming waveform must be searched in series.
To remedy the above situation, WCDMA systems are being considered which replace the serial correlator with a passive matched filter [29] , [71] . As is well known, a matched filter can achieve coarse acquisition almost as fast as a parallel correlator bank, wherein each component of the correlator bank is matched to one of the unknown phase positions of the spreading sequence.
Note that the use of matched filter technology yields a variety of additional benefits. For example, independent of whether packet transmission is to be employed, the substitution of a single correlator with a matched filter results in decreased acquisition time. In turn, this decreased acquisition time can be useful in preserving battery life in a handheld device; when a signal is not being received, many of the ASIC's in the receiver can be periodically turned off (for a predetermined duration of time) and then turned on to rapidly search for a signal.
In the context of wideband versus narrowband CDMA, a matched filter is more beneficial to WCDMA, since it allows easy identification of the multipath components. That is, since the matched filter is a passive device, any multipath component that arrives while the filter is matched to a particular spreading pattern results in a voltage peak at the output of the filter indicating the timing epoch of that multipath component. Thus, there is no need to be searching for available multipath returns upon which to track. Since a larger spread bandwidth typically results in a larger number of resolvable paths, matched filter technology is especially useful to wideband systems.
B. Multiple Access Interference Suppression
A second possible enhancement being considered for WCDMA is to employ signal processing techniques on the uplink to suppress multiple access interference (MAI), an idea originally proposed by Verdu in [80] . There are many such techniques, and the type of structure that seems most likely to be used initially belongs to the class of multiuser receivers which perform interference cancellation (see, e.g., [19] and [56] ). That is, they make an estimate of the dominant interfering terms as seen by a given user, and then subtract those estimates from the test statistic of the user-of-interest. Indeed, experimental results have been generated for this type of interference suppression technique, and [68] and [35] describe some of those results. Because interference cancellation requires that the receiving terminal despread and demodulate all signals for which it will attempt cancellation, the use of the scheme is most appropriate for the uplink, wherein the base station already has to perform these functions.
Given the extensive literature already in existence regarding the description of these schemes, as well as their performance under various conditions, neither of these topics will be repeated in this paper (the interested reader can find an in-depth treatment, as well as an extensive list of references, in [81] ). Rather, in keeping with the theme of this paper, we will discuss the impact of spread bandwidth on the performance of multiple access interference suppression. This is perhaps most easily illustrated with a class of receiver structures known as single user receivers. They are often designed for interference suppression based upon a minimum mean-squared error (MMSE) approach, and implemented with a standard tapped delay line. Further, they are amenable to peer-to-peer architectures, where power control is not feasible.
Since knowledge of only the parameters of the user-of-interest is required, such a receiver has the obvious advantage of simplicity relative to, say, interference cancellation (since one no longer needs to know anything about the other users' signals). It also has the advantage of ease of adaptation, since standard algorithms such as least mean squares (LMS) or recursive least squares (RLS) can be employed. On the hand, it suffers from the disadvantage of requiring the use of short spreading sequences, since the interference must have cyclostationary statistics in order for the adaptation algorithms to function. That is, the statistics of the MAI should be periodic in the update interval, which is typically once every symbol.
By definition, a short spreading sequence is one whose period equals the duration of the symbol being spread, whereas a long spreading sequence is one whose period spans multiple symbols. In the current cellular CDMA designs, long spreading sequences are employed, and the rationale is twofold. Since a short spreading sequence implies that successive symbols are spread with the same chip pattern, if a given set of users is in a relatively static situation (e.g., everyone caught in a traffic jam), the interference pattern seen by any specific receiver is the same from bit to bit. Thus, some users might be caught in particularly disadvantageous situations relative to those of other users. However, with a long spreading sequence, the interference patterns of all users vary bit to bit, and thus an averaging effect is seen. Further, there are only a limited number of short spreading sequences with good cross-correlation properties, and so the issue of code reuse (analogous to frequency reuse) has to be addressed with the use of short spreading sequences.
Thus, even before considering the effect of spread bandwidth, the question that arises is how well short spreading sequences function when used in conjunction with single-user MMSE receivers (i.e., do we want to consider the use of such sequences for any spread bandwidth?). In [55] , that question is addressed. A reference cell, in which all mobile units are assigned deterministic short spreading sequences, is surrounded by two layers of other cells in which each mobile, of each cell, has its spreading sequence chosen randomly. This allows for, statistically, the possibility of reusing the same spreading sequence in a neighboring cell that had been assigned to a mobile in the cell-of-interest. In Fig. 7 , taken from [55] , the results of this study can be seen. There are three curves in Fig. 7 , each one of which is a histogram of signal-to-noise-plus-interference ratios. Note that, in the absence of MAI suppression, the average values of the histograms for either short or long sequences are roughly the same, although the variance of the histogram corresponding to the long sequences is smaller than that corresponding to the short sequences (thus indicating that the use of the long sequences is preferable). However, once the short sequences are used in conjunction with MMSE MAI suppression, the histogram shifts noticeably to the right, yielding the best performance of all three cases.
If one then is, in fact, using a set of short spreading sequences, it is relevant to determine how well a single-user MMSE receiver performs, in particular with respect to WCDMA. Toward that end, consider results from [48] and [27] , where [48] corresponds to an uncoded system, and [27] corresponds to one where both convolutional and trellis coding are considered. In both scenarios, it is found that, although the use of a single-user, MMSE suppression filter can be very beneficial for a signal experiencing flat fading (i.e., for an NCDMA network), the combined use of the MMSE receiver with WCDMA is not always worthwhile. Rather, it is a function of whether or not the fading on the multiple resolvable paths of the interfering waveforms can be tracked by the MMSE receiver. This, in turn, is a function of how rapidly the channel is changing (i.e., it is a function of how large is the Doppler spread on the channel). For small Doppler spreads, the channel changes slowly, the multipath can be tracked, and the MMSE yields a sizable improvement in performance over that of a simple correlation receiver. For large Doppler spreads, the multipath cannot be tracked and the MMSE receiver can lose its effectiveness. However, when a severe near-far problem exists, even with a large Doppler spread, the improvement due to the presence of the suppression filter can be substantial. Such scenarios tend to exist in either peer-to-peer networks, or in cellular systems where accurate power control cannot be maintained.
C. Transmit Diversity
Consider now the use of the multiple transmit antennas on the forward link. Such a system design clearly allows for the possibility of a diversity gain on a fading channel. However, the amount of the gain is a function of a variety of parameters, including the number of antennas, the correlation of the signals from the separate antennas at the receiver, the Doppler spread on the channel, and the spread bandwidth. As with any type of diversity, the gain achievable increases as the number of diversity elements increases, and decreases as the correlation among those elements increases. Further, one experiences diminishing returns fairly rapidly as the number of diversity elements increases.
Thus, with respect to CDMA [34] , [37] , it is to be expected that antenna diversity will yield the most benefit when used on a slow fading channel in conjunction with narrowband CDMA. With respect to fade rate, assuming that coding and interleaving are part of the system design, a rapidly varying channel (i.e., one with a large Doppler spread), the combination of coding and interleaving provides time diversity, thus reducing the need for (and the corresponding benefit of) spatial diversity. Alternately, if the fade rate is low, the amount of time diversity is decreased, and so the benefit of the spatial diversity is increased.
In an analogous sense, a WCDMA system offers more path diversity than does a narrowband one. Thus, the need for multiple transmit antennas to provide spatial diversity in WCDMA is less than that in NCDMA. The above qualitative statements are illustrated quantitatively in references such as [34] and [37] , wherein it is shown, for example, that the improvement in performance in going from a single transmit antenna to two transmit antennas is greater for a receiver that can resolve just a single path than for a receiver capable of resolving two paths.
VI. CONCLUSION
In this paper, a discussion of some of the essential features of WCDMA has been presented. Among the topics which have been emphasized are the following: One of the key reasons for transitioning from NCDMA to WCDMA is the enhanced performance that one achieves over a wireless channel by ensuring that one is virtually always in a situation whereby the fading channel appears frequency-selective to the transmitted waveform. How one achieves the wider spread is not unique, and some of the specific attributes of one relatively new technique, namely MC CDMA, were discussed. Other topics discussed were the use of multicode CDMA, the use of transmit diversity, the considerations involved for CDMA systems to transition from a circuit switched environment to a packet switched environment, and the use of MAI suppression as a natural means of enhancing the inherent multiple access capability of CDMA.
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